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ABSTRACT 
Tubes with subsurface mini- and micro channels are 
widely used in boiling devices. Today, the design of these tubes 
is based on empirical investigations because reliable theoretical 
or numerical design methods are not available, and the heat 
transfer performance characteristics vary strongly e.g. for 
different fluids, system pressures and heat fluxes.  
The presented study approaches the subject of interest from 3 
different paths: (i) macroscopic heat transfer performance 
measurements; (ii) optical measurements of the thermal and 
hydrodynamic phenomena inside the subsurface channels with 
very high spatial and temporal resolution; (iii) development of a 
computational model. While path (i) is a standard procedure in 
the scientific community, path (ii) is a completely new 
approach, and only the combination of (i) and (ii) is a solid 
basis for the physically based model development in path (iii). 
Tubes with different subsurface channels and micro pin-fins are 
used in combination with different fluids at different system 
pressures. The results are presented and discussed.  
 
INTRODUCTION 
During the last few decades growing demands for highly 
efficient industrial heat transfer processes led to the 
development of various kinds of heat transfer enhancement 
techniques [1]. Among the existing heat transfer enhancement 
techniques the structurization of the tube shell surface was 
found to promise the best compromise between the product 
costs and the heat transfer enhancement. Consequently a large 
variety of different surface structures and corresponding 
manufacturing methods were developed. These enhanced pool 
boiling surfaces can be characterized by the size of the structure 
elements that compose the surface topology. The application of rom: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use:this characterization scheme allows to define the class of micro 
structured boiling surfaces (structure elements < 100 µm) on 
the one hand and boiling surfaces with mini channels or mini 
fins (structure elements > 100 µm) on the other hand.  
Micro structured boiling surfaces typically consist of a regular 
or irregular porous matrix that is composed by metal particles, 
which are bonded to a massive substrate surface. The manu-
facturing methods for this type of boiling surface are often very 
cost intensive and range from complex plasma spraying [2] and 
galvanization methods [3] up to gluing [4] or sintering 
applications [5]. In several experimental studies it was found 
that pool boiling heat transfer from micro structured boiling 
surfaces is strongly dependent on the dimensions of the 
structure elements, their porosity, the used working fluid and 
the applied heat flux [6, 7]. Thus, it was proposed by several 
researchers that the evaporation processes that take place near 
and within the porous matrix are responsible for the global heat 
transfer performance of micro structured boiling surfaces. Due 
to the small length scales and the highly dynamic nature of 
these evaporation processes almost no experimental obser-
vations of the relevant evaporation mechanisms are available 
up to now. Nevertheless, there are some models [8, 9] that 
qualitatively match experimental data from global heat transfer 
investigations by assuming certain, un-validated local 
evaporation processes in the micro structured boiling surface. 
The most practically used and investigated kind of boiling 
surface [10,11,12] in the class of boiling surfaces with mini 
channels or mini fins is the re-entrant cavity type boiling 
surface. For this type of boiling surface it was found [13, 14] 
that the global heat transfer performance is dependent on thin 
film evaporation processes that take place in the re-entrant 
channels. This finding was principally proved in experimental 1 Copyright © 2008 by ASME 
 http://www.asme.org/about-asme/terms-of-use
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[13]. On the base of this finding several analytical modeling 
attempts were proposed in literature [14, 15, 16]. Even though 
these models match the experimental data from global heat 
transfer measurements qualitatively well, they still rely on a 
certain number of empirical constants. This indicates that the 
underlying physics of vapor removal from the re-entrant 
channels and the local evaporation processes in the re-entrant 
channels might not be completely congruent with the assumed 
thin film evaporation processes according to [14]. 
In this background the present study provides a scientific 
approach to investigate the local heat and mass transfer 
processes in the subsurface channels of micro structured 
surfaces and surfaces with re-entrant channels experimentally. 
The gained experimental results from these local investigations 
are linked to the results of global heat transfer experiments with 
tubes that carry the same kind of surface structure as in the case 
of the local heat transfer experiments. Thus, it is possible to 
relate enhanced global heat transfer performance to the local 
evaporation processes in the structured surface directly. Using 
the whole set of experimental results it is furthermore possible 
to build up a computational model of the heat and mass transfer 
during evaporation at the investigated kinds of structured 
boiling surfaces. Preliminary modeling approaches and 
modeling results are presented and discussed. 
 
EXPERIMENTAL APPROACHES 
In the present study two different kinds of pool boiling heat 
transfer experiments with structured boiling surfaces are 
conducted – (i) macroscopic and (ii) local heat transfer 
experiments. For each of these experimental approaches a 
specialized test setup is used. The test surfaces as well as the 
saturation conditions of the used working fluids in both 
experimental approaches are identical. This allows direct 
linkage and comparison of the obtained results.  
 
Used Test Surfaces / Working Fluids: 
Two kinds of structured boiling surfaces are tested. These are 
micro structured surfaces, which are composed of pin-fins that 
are bonded the massive tube substrate on the one hand and re-
entrant type test surfaces from industrial manufacturing on the 
other hand. For both kinds of structured test surfaces one 
certain geometrical feature is varied by keeping the other 
geometrical features unchanged. This allows to identify the 
effect of the varied surface geometry parameter on local and 
global heat transfer performance. 
 
 
a) R1, h=0.4 mm b) R2, h=0.5 mm c) R3, h=0.6 mm 
Figure 1. Re-entrant type test surfaces. 
 
Figure 1 illustrates the profiles of the three investigated re-
entrant type test surfaces. As can be seen the main variation 
feature is the channel height. Additionally the channel walls of  
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the tube axis. This is an un-wanted artefact from the 
manufacturing process and is supposed to not affect the channel 
volume and the thin film evaporation process inside the 
channels. The re-entrant channels are spirally wrapped around 
the test tube in circumferencial direction. The connection 
between the liquid pool and the inner channel volume for liquid 
and vapor exchange is ensured via channel openings at the top 
(channel pores). Figure 2 displays images of the tested micro 
structured boiling surfaces from REM microscopy.  
 
   
a) M1, h=60 µm b) M2, h=40 µm c) M3, h=20 µm 
Figure 2. Micro structured test surfaces. 
 
The micro scale surface topology is composed of cylindrical 
pin fins of certain dimensions, which are bonded to the tube 
substrate surface by a galvanisation process [3]. Thus, the main 
geometrical parameters of the micro structured test surfaces are 
the diameter and the length on the pin fins, their areal density 
on the substrate surface and the inclination angle between the 
pin fins and the substrate surface. The variation parameter in 
between the micro structured test surfaces, that are investigated 
in this study is the height of the pin fins. The areal density was 
kept constant at 25 1105 cm⋅ . The diameter of the pin fins is mμ8  
and the inclination angle between the pin fins and the substrate 
surface is 90°. 
All test surfaces, as introduced above, are tested using the 
working fluid FC-72 at saturation conditions in correspondance 
to a reduced pressure of 086.0* =p . A part of the re-entrant type 
test surfaces is also tested using the working fluid R134a at the 
same reduced pressure level for the purpose of evaluating the 
effect of working fluid properties on heat and mass transfer 
performance. The corresponding thermo physical properties of 




satp  satT  *p  vapρ  evaphΔ  liqν  
Unit Pa  C°  - 3mkg  kgkJ  sm2  
FC-72 51057.1 ⋅  7.70  086.0  74.20  36.80  710498.2 −⋅  
R134a 5105.3 ⋅  5  086.0  14.17  58.194  71096.1 −⋅  
 
Table 1. Thermo physical properties of working fluids 
 
The most important working fluid properties in the scope of the 
present study are supposed to be the specific heat of 
evaporation and the vapor density. This is the case, since the 
evaporative heat transfer from the structured surfaces is limited 
by the dry out heat flux. At this heat flux the maximum 
evaporation rate corresponding to the maximum rate of vapor 
volume generation / removal is reached and the porous surface 2 Copyright © 2008 by ASME 
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directed to the regions of intensive evaporation and heat 
transfer performance is strongly reduced. 
 
Macroscopic Heat Transfer Experiments: 
The experiments for macroscopic heat transfer determination 
are performed in a thermo syphon type test setup. Details on the 
test setup itself can be found in [17, 18]. The used structured 
boiling tubes have a length of mmL 120=  and an outer diameter 
of mmD 18= , including the surface structure elements. As can 
be viewed in Figure 3 the test tubes are horizontally mounted in 
the cubic stainless steel test cell.  
 
 
Figure 3 Test cell for macroscopic heat transfer 
measurements. 
 
The wall temperatures of the test tube are measured by four 
thermocouples in the tube wall at a diameter of mmd 10= and 
circumferencial increments of 90°. In order to ensure best 
thermal contact and unchanged thermocouple position in 
between the measurement series, the thermocouples of each test 
tube are soldered irremovable into the tube wall. The 
calibration of these thermocouples is performed after the 
soldering procedure. The wall superheat is determined as the 
temperature difference between the average tube wall 
temperature and the saturation temperature of the working 
fluid. The saturation temperature of the working fluid is 
measured as the average between a Pt100 reading in the vapor 
phase and in the liquid phase. The test tubes are electrically 
heated by a cylindrical heating cartridge that is inserted into the 
test tube. For each test surface and working fluid configuration 
in total eight measurement series with an increasing applied 
heat flux from 1 kW/m² to 240 kW/m² are recorded. At every 
applied heat flux ten measured values are acquired over a time 
period of eight minutes under stationary heat transfer 
conditions. Thus, in total eighty data points for each applied 
heat flux and surface/working fluid configuration can be used 
to determine the average value and the standard deviation. This 
allows a sort of statistical validation of the obtained results 
[19]. After averaging, the processed data is transferred into a  
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standard deviation in term was wall superheat for each applied 
heat flux is displayed as the horizontal error bars at the 
corresponding averaged data point. Using this kind of data 
processing and data visualization it is possible to identify 
differences in heat transfer performance in between the 
investigated test surface and working fluid configurations that 
are in the range of the determined standard deviation in 
between the corresponding set of measurement series [19]. 
 
Local Heat Transfer Experiments: 
The test cell that is used in case of the local heat transfer 
experiments is schematically shown in Figure 4. 
 
Figure 4 Test cell for local heat transfer measurements. 
 
In this setup the test object is a copper half cylinder that is 
machined from the corresponding cylindrical test tube. This test 
object is positioned at a calcium fluoride viewport from inside 
the test cell. Since the cutting plane of the test object is 
accurately grinded, the surface profile as shown in Figure 1 and 
Figure 2 is visually accessible from outside the test cell through 
the calcium fluoride glass. For the purpose of local heat transfer 
investigations during boiling the test object is completely 
flooded with the working fluid in the test cell. Heat is supplied 
to the test object by a silicon heating foil. This heating foil is 
inserted into a groove inside the test object. The maximum heat 
flux that can be applied to the test object is limited to 
225 mkWq =& . The wall temperature at the top of the test object 
is measured by two thermocouples that are soldered into the 
wall material. The inner groove of the test object is sealed 
against the surrounding working fluid by placing a mμ12  PE-
LD foil between the plane side of the testing object and the 
calcium fluoride glass. Under testing conditions this foil is 
compressed by tightening the fixing screw at the backside of 
the testing object. In order to minimize heat losses through the 
viewport a heating foil is attached to the calcium fluoride glass 
from outside. By supplying electric power to this heating foil 
the outer glass temperature, that is measured by a thermocouple 
(T4 in Figure 4), can be adjusted to the average wall 
temperature of the test object. Thus, a quasi adiabatic boundary 
conditions can be ensured at the plane side of the testing object. 
The local wall superheat is determined by the heat flux through 3 Copyright © 2008 by ASME 
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wall superheat. The local wall superheat is determined as the 
temperature difference between the average wall temperature at 
the top of the test object and the local liquid temperature that is 
measured in the liquid phase of the working fluid adjacent to 
the top of the test object (T3 in Figure 4). The temperature of 
the working fluid liquid phase and the system pressure in the 
test cell are controlled by two heating/cooling coils that are 
connected to external thermostats. By keeping these saturation 
parameters constant the local heat transfer performance is 
measured for decreasing heat fluxes. The starting value of the 
applied heat flux at the beginning of the measurement series is 
the maximum applicable heat flux. Data recording and 
statistical data post processing is performed in case of the local 
heat transfer measurements similar to the procedure for the 
macroscopic heat transfer investigations.  
For the visualization of the evaporation processes in the 
structured test surface a specialized high speed imaging setup, 
adapted to the test cell from outside, is used. The visualization 
system consists of a high speed black and white CMOS camera, 
a high resolution microscope, a servo motor driven positioning 
system and a cold light source equipped with a metal halide 
lamp. The wavelength spectrum of the metal halide lamp has a 
width from 410 nm to 580 nm with the intensity maximum at 
530 nm. Thus, the used light source is not completely 
monochromatic but comparable well restricted to a small range 
of wavelengths as f.e. mercury light sources, which are 
commonly considered to be monochromatic [20]. 
As schematically displayed in Figure 5 the light beam from the 
cold light source is passed through the optics of the microscope 
to generate a confocal incident illumination of the structured 
surface profile in the region of interest on the test object. 
 
Figure 5 Scheme of high speed imaging setup. 
 
Then the reflected light from the observed objects in the field of 
view is automatically directed to the CMOS chip of the camera 
where the digitized pictures are recorded. This kind of high 
speed imaging setup allows to achieve a spatial resolution in 
the range 22.02.0 mμ×  pixel size and a temporal resolution of up 
to 1000 frames per second.  
The digitized images that are recorded for each applied heat 
flux at a specified position on the test object allow to extract 
certain physical measures, which are characteristic for the  
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applied heat flux. In case of the re-entrant type test surfaces 
these characteristic measures are the time averaged liquid film 
thickness at the channel side wall and the time averaged 
channel pressure as a function of the applied heat flux. As 
illustrated in Figure 6 a) the liquid film thickness can be 
determined as the perpendicular distance between the 
liquid/vapor interface adjacent to the channel wall and the wall 
itself. This distance is determined by image processing on the 
basis of a gradient filtering and edge detection method. The 
channel pressure is determined by using the two dimensional 
Young-Laplace equation together with the curvature radii of the 
vapor cushion that can be observed in the re-entrant channel 
(see Figure 6 b)) during the experiments. 
 
Figure 6. Evaporation in re-entrant type test surfaces.  
 
Due to the almost monochromatic light that is used to record 
the high speed images and the light reflection at the curved 
liquid-vapor and flat liquid-solid interfaces corresponding 
interference fringes can be detected [20] (see Figure 6b)). By 
applying a specially tailored image processing algorithm it is 
possible to determine the curvature of the vapor cushion from 
these fringes. Thus spatially and time average curvature radii 
can be computed. These can be used to determine the channel 
pressure as a function of the applied heat flux.  
In case of the micro structured test surfaces it was found that 
the evaporation processes within the porous matrix are of a 
rather stochastic nature and are not restricted to a certain 
localized area on the test object as it is the case for the re-
entrant type test surfaces. Thus, up to now, it was not possible 
to define physically localized characteristic measures for the 
underlying evaporation processes at a given heat flux. 
Consequently a more indirect and more important spatially 
averaged measure for the intensity of the evaporation processes 
in the structured surface was defined in the scope of this study. 
This measure is the number vapor bubble generation sites in a 
well defined area of the micro structured test surface as a 
function of the applied heat flux. 
In addition to the high speed imaging method that is described 
above, an infrared difference thermography method is used to 
determine the temperature distribution in the channel side wall 
of the re-entrant type test surfaces. Since the resolution of the 
used infrared camera system is limited to a pixel size of 
21414 mμ⋅  this method could not be used for the micro structured 
test surfaces. The horizontally averaged vertical temperature 
profile in the re-entrant channel side wall is determined by at 
  
a) Liquid film thickness b) Interference fringes at 
vapor cushion 4 Copyright © 2008 by ASME 
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image from the infrared camera as shown in Figure  7. Since 
optical artefacts such as reflections and mirroring etc. falsify 
the infrared image a zero-image is subtracted from the data 
image [21]. Then the horizontally averaged intensity profile 
within the region of interest is extracted from the differenced 
data image. Finally this intensity profile is converted into a 
temperature profile by using a calibration curve that is 
determined in situ and before the actual measurement series 
[21]. The result of this procedure is a temperature profile in 
terms of channel side wall temperature versus height of the 
channel side wall that varies with applied heat flux. 
 
Figure 7. Infrared data image.  
 
EXPERIMENTAL RESULTS AND DISCUSSION 
In this section the up to now obtained experimental results of 
the research approach described in this study are presented and 
discussed. Hereby the main goal is to give an impression of the 
relation between the local and macroscopic heat and mass 
transfer processes at the investigated structured boiling surfaces 
to the reader. Furthermore, the existing theories to describe the 
local evaporation processes in structured boiling surfaces are 
extended on the basis of the obtained findings.  
At first, the boiling curves of the re-entrant type test surfaces by 
using the working fluid FC-72 are shown in Figure 8.  
 
Figure 8. Boiling curves of re-entrant structures in FC-72.  
 
As can be recognized in Figure 8 the boiling curves of all three 
re-entrant type test surfaces are steeper than the boiling curve  
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enhancement is achieved through the structurization in general. 
In the lower heat flux range ( 2/40 mkWq <=& ) the occurring wall 
superheats of the structured test surfaces do not differ more 
than the wall superheat standard deviation. Then in the 
moderate heat flux range ( 22 /150/40 mkWqmkW <=< & ) structure 
R2 shows the lowest wall superheat. Structure R3 has a slightly 
higher wall superheat than R2 while R1 shows the highest wall 
superheat among the structured test surfaces. At 2/100 mkWq =&  
the critical heat flux at the plain test surface is reached. This is 
indicated by the flattening of the boiling curve and the rather 
high wall superheat of roughly 22 K. In the highest heat flux 
range ( 2/150 mkWq >& ) also the structured test surfaces show 
indications of reaching the dry out heat flux. All three boiling 
curves are flattening above 2/120 mkWq =& . Again structure R1 
with the smallest channel height and consequently the smallest 
channel volume shows the highest wall superheats. This heat 
transfer behavior can be explained by the idea that the small 
channel volume of R1, in comparison to R2 and R3, requires 
lower heat fluxes to dry out, since simply less volume in the 
channel is available for liquid storage and vapor exchange to 
the liquid pool. This might lead to earlier occurrence of channel 
dry out. Applying this scheme of argumentation on the heat 
transfer behavior of R2 and R3 in the highest heat flux range 
one would expect that R3, with the largest channel height, 
shows better heat transfer performance than R2. As can be seen 
in Figure 8, this is not the case. Thus, it can be considered that 
the medium channel height of R1 is a kind of optimum among 
the investigated channel heights of this study. The reason for 
this might be that at R1 there is a certain relation between 
channel height and hydraulic diameter that induces heat transfer 
enhancing two phase flow patterns of the flow in the channel. 
This idea includes the assumption of a liquid/vapor flow not 
only from the channel to the liquid pool but also along the 
channel around the tube. This phenomenon was already 
observed in earlier experimental investigations [22]. Figure 9 
displays the boiling curves of the re-entrant type test surfaces 
for the working fluid R134a. Again significant heat transfer 
enhancement compared to the plain test surface can be 
recognized for all structured test surfaces. 
 
Figure 9. Boiling curves of re-entrant structures in R134a.  5 Copyright © 2008 by ASME 
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superheats of R1 and R2 are almost the same. In contrast to the 
FC-72 measurements, R3 shows clearly higher wall superheats 
than R1 and R2. This might be attributed to the larger channel 
volume of R3 where higher heat fluxes are required to initiate 
thin film evaporation processes that enhance heat transfer and 
lower the wall superheat. In the moderate heat flux range 
( 22 /150/40 mkWqmkW <=< & ) the occurring wall superheat of R1 
increases significantly. At heat fluxes above 2/60 mkWq =&  the 
wall superheat of R1 becomes larger than the wall superheat for 
R3. This increase in wall superheat leads to a tremendous 
flattening of the R1 boiling curve. In the higher heat flux range 
( 2/150 mkWq >& ) the occurring wall superheats for R1 almost 
approach the values of the plain test surface while structures R2 
and R3 show continuously lower wall superheats especially for 
higher heat fluxes. The significant decrease of heat transfer 
performance in case of R1 can be explained by the occurrence 
of dry out in the channels at lower heat fluxes in corres-
pondence to the lower channel volume (see FC-72 
measurements). As already observed for the FC-72 measure-
ments structure R2 seems to be the optimum, also in R134a, 
among the tested re-entrant type test surfaces. In the whole 
range of applied heat fluxes the wall superheats of R2 are 
almost 1 K lower than the wall superheats of R3. 
In order to relate the macroscopic heat transfer performance of 
the re-entrant type test surfaces to the local heat and mass 
transfer processes in the re-entrant channels, the up to now 
obtained results of the local heat transfer measurements in  
FC-72 for R1 and R2 are displayed in Figure 10. 
 
Figure 10. Local Boiling curves of R1 and R2 in FC-72.  
 
As can be recognized the averaged local boiling curves of the 
two tested surfaces do not differ significantly. In comparison to 
the macroscopic boiling curves in Figure 8 a wall superheat 
offset of roughly 1 K between the local and macroscopic 
measurements can be noticed. This can be attributed to 
hysteresis effects that lead to lower wall superheats in case of 
the local measurements, since these are performed for 
decreasing heat fluxes. In contrast to this the macroscopic heat 
transfer measurements are performed for increasing heat fluxes.  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of UseThe resulting local wall superheats for R1 from one 
measurement series, that is determined by the aforementioned 
infrared difference thermography method ( IRTΔ ), is displayed 
together with the corresponding wall superheat from the 
conventional thermocouple measurements ( TCTΔ ) of the same 
experiment in Figure 11. 
 
Figure 11. Local wall superheats for R1 in FC-72. 
 
As can be viewed in Figure 11, the difference between the 
determined wall superheat of both measurement techniques is 
very for low heat fluxes and takes a value of almost 0.4 K at 
maximum heat flux. Thus, the infrared difference thermography 
method that is used in the scope of this study is proved to 
provide quantitative temperature measurements of sufficient 
accuracy. Consequently it is possible to determine the temper-
ature profile along the vertical coordinate of the channel wall 
(see Figure 7) for each applied heat flux by using the infrared 
difference thermography method. The corresponding temper-
ature profiles are shown in Figure 12 for structure R1. 
 
Figure 12. Local temperature profiles for R1 in FC-72. 
 
The first important point to note by viewing Figure 12 is that 
for low heat fluxes ( 2/5.7 mkWq <=& ) the channel side wall is 
almost isothermal. For higher heat fluxes this is not the case. 6 Copyright © 2008 by ASME 
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[14,15] in earlier studies, where over the whole range of 
applied heat fluxes the channel walls are assumed to be 
isothermal. Since this idea can not be confirmed on the base of 
the obtained results of this study, it is necessary to think about 
extending the existing modeling approaches with respect to a 
non isothermal channel wall. In addition to this it can be seen in 
Figure 12 that for increasing heat flux the lower part of the 
channel wall shows higher temperatures and that the gradient of 
the temperature decrease along the channel height gets larger. 
In comparison to structure R1 the obtained local wall 
superheats for R2 are illustrated in Figure 13.  
 
Figure 13. Local wall superheats for R2 in FC-72. 
 
Here a better congruence of the two measurement techniques is 
to be observed in the lower and medium heat flux range. The 
maximum deviation in terms of wall superheat is about 0.7 K 
for the highest applied heat flux. The corresponding vertical 
temperature profiles for structure R2 are displayed in Figure 14.  
 
Figure 14. Local temperature profiles for R2 in FC-72. 
 
Here at low fluxes also approximately isothermal conditions are 
found at the channel wall. Then for heat fluxes above 
2/5.7 mkWq =&  a temperature gradient along the vertical coor-
dinate of the channel wall can be recognized. In comparison to  
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leads to higher overall channel wall temperatures and also to 
higher temperatures at the channel top. Thus, for R1 it can be 
considered that, due to the significant decrease of the channel 
wall temperature in the upper half of the channel wall, more 
heat as for R2 is to be transferred to the liquid evaporation 
process in the lower channel wall area. For R2 apparently a 
more homogeneous liquid evaporation is present all over the 
channel side wall. In order to relate the determined temperature 
profiles to the evaporation process in the channel itself the time 
averaged liquid film thickness at the channel side wall, that is 
determined by using the aforementioned high speed imaging 
method (see section 2), is illustrated in Figure 15. 
 
Figure 15. Liquid film thickness for R1 and R2 in FC-72 
 
The time averaged liquid film thickness in Figure 14, is 
determined as the average value from eight measurement series. 
The shown error bars are the standard deviation in between the 
data from these measurement series. Thus, at first it can be 
noticed that the determined average liquid film thickness comes 
along with a quite large standard deviation of almost fifty 
percent in maximum. This points out that the determined values 
from the different measurement series do have a large 
bandwidth of variation. This can be attributed to fact that the 
liquid film thickness itself is oscillation with a certain 
frequency that is not considered in the averaging process and 
the fact that the rather small length scale of the measured film 
thickness is tremendously affected by optical measurement 
errors such as light reflection and vibration of the test rig. 
These falsifying effects on the optical measurements are at least 
in a range of three to five times of the achieved pixel size 
( 204.0 mμ ). Even though there is no significant difference in 
between the average liquid film thicknesses of R1 and R2 there 
is a clear trend that the film thickness of R1 is in average 
approximately twenty percent lower than the average liquid 
film thickness of R2. By relating this finding to the higher 
channel wall temperatures of R2 it is possible to state that for 
R1 in comparison to R2 more heat per unit area is transferred 
from the channel wall via the evaporation processes in the 
channel, since the thermal resistance of the thinner liquid film 
at the channel wall is smaller for R1. In terms of overall local 
heat transfer performance (see Figure 13) this phenomena is 
apparently compensated by the larger area of heat transfer at 
the channel side wall in case of R2 and in comparison to R1. To 7 Copyright © 2008 by ASME 
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channel influences the conditions of heat and mass transfer in 
the channel, the corresponding channel pressure as determined 
through the optical measurement technique that is described in 
section 2.3 is displayed in Figure 16. Due to the high 
complexity of the data post processing algorithms there is not a 
sufficient amount of processed data available up to now to 
perform a statistical evaluation of the obtained results. Thus, 
only selected data sets of the channel pressure measurements 
are presented. 
 
Figure 16. Channel pressure for R1 and R2 in FC-72. 
 
The channel pressure of R2 is higher than the channel pressure 
of R1 in the whole range of applied heat fluxes. In case of R2 
the vapor cushion (see Figure 6) that is necessary to determine 
the pressure of the vapor phase in the channel is already visible 
at 2/5.7 mkWq =&  while for R1 this is only the case at heat fluxes 
of 2/10 mkWq >=& . The higher values of the channel pressure in 
case of R2 correspond to the higher wall temperatures (see 
Figure 14) that are above 71.5°C for heat fluxes above 
2/5.7 mkWq =& . The significant increase of the channel pressure 
in case of R1 comes along with the temperature increase above 
71.5°C at 2/15 mkWq =& where significant cooling of the upper 
channel wall area is observed (see Figure 12). Thus, the 
increase of the channel pressure as detectable in Figure 16 can 
be assumed as a good indicator for increased vapor generation 
in the channel. This finding confirms previously developed 
ideas in [23], where channel pressures in the here measured 
range were predicted on the base of a semi empirical modeling 
approach. 
At this point of the present study the focus of interest is again 
turned in to the area of the micro structured test surfaces. 
Figure 17 displays the macroscopic boiling curves of the tested 
micro structures (see Figure 2). In comparison to the plain test 
surface structures M3 and M1 show significant heat transfer 
enhancement in terms of reduced wall superheat for a given 
heat flux. Surprisingly this is not the case for structure M2, 
since the boiling curve of M2 lies almost on the boiling curve 
of the plain test surface. This phenomenon is even more 
interesting, since M2 has a pin-fin height that is right in 
between the heights of M3 and M1 pin-fins. Since all other  
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the same, the heat transfer enhancement in dependence of the 
pin-fin height has apparently a kind of local minimum at a pin-
fin height of 40 µm.  
 
Figure 17. Boiling curves of micro structures in FC-72. 
 
Another interesting phenomena, that can be seen in Figure 17 is 
the decrease of wall superheats for structure M3 at heat fluxes 
above 2/60 mkWq =& . This rather unexpected heat transfer 
characteristic was already observed in a similar experiment by 
[7] and might be attributed to highly dynamic evaporation 
processes in the porous matrix of the structured test surface, 
which are only presented if a sufficient heat flux is given. Here 
the theory of isolated nucleation sites and pure nucleate boiling 
at the shell surface might not be applicable any more. While 
M3 and M2 show a kind of extreme heat transfer behavior the 
boiling curve of structure M1 shows more or less moderate wall 
superheats in the same range of wall superheat as the boiling 
curves of the re-entrant type test surfaces in Figure 8. The main 
difference in between the general heat transfer behavior of the 
re-entrant type test surfaces and the micro structured test 
surfaces is the much lower value of dry out heat flux for the 
micro structured test surfaces. This fact is a result of the smaller 
interconnected volumes in the order of 33101 mμ×  within the 
micro structured matrix that do have less capacity of liquid 
storage and liquid/vapor exchange than the re-entrant channels 
in the order of 37101 mμ× .  
In order to alight the evaporation processes in the micro 
structured boiling surfaces representative local heat transfer 
experiments are performed with structure M3 only up to now. 
Figure 18 illustrates an image of bubble generation and bubble 
release that is recorded via the high speed high speed 
visualization method described in section 2.3. The corres-
ponding heat flux is 2/10 mkWq =& . During the local heat transfer 
experiments it is observed that, apparently a certain area of the 
shell surface (corresponds to certain number of pin-fins) is 
required to generate a vapor bubble at a given heat flux. Thus, 
one important finding to note is that vapor bubbles are not 
generated at single pores but more from a network of pores and 
pin-fins. This idea was already developed in [9] and can be 8 Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downloqualitatively confirmed on the base of the presented 
experimental results from local heat transfer measurements. 
 
 
Figure 18. Bubble generation at structure M3. 
 
Consequently the mechanism of liquid evaporation and of heat 
transfer enhancement is not that clear to observe as in case of 
the re-entrant type test surfaces. As a quantitative measure for 
evaporative heat transfer from the micro structured test surfaces 
the space and time averaged number of bubble generation sites 




Figure 19. Number of active nucleation sites at M3. 
 
As can be seen in Figure 19 the bubble generation site density 
increases strongly for heat fluxes 2/10 mkWq <& . For heat fluxes 
above 2/10 mkWq =&  the increase of bubble generation site 
number gets smaller. This leads to a kind of asymptotic 
behavior of the corresponding curve in the shown diagram. 
Based on this, it is possible to state that in contrast to earlier 
theories [6,7] the number of bubble generation sites does not 
reach its maximum already at very low heat fluxes. Thus, the 
idea of relating heat transfer enhancement in low and moderate 
heat fluxes only to higher bubble release frequencies [6,7,8] 
from a constant number of bubble generation sites, is ad hoc 
not correct. This is clearly proved by the here presented results.  
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In this section the preliminary developed modeling attempts in 
the scope of the scientific approach that is subject of the present 
study are presented and discussed.  
Up to now the focus of the numerical investigations is directed 
to the description of heat and mass transfer during boiling in re-
entrant type boiling surfaces only. This is the case, since the 
understanding of the evaporation process for this kind of 
boiling surface is actually more detailed and extended than in 
case of the micro structured test surfaces, where still a quiet 
large number of unclear phenomena need to be explained  
The modeling approach to describe liquid evaporation at re-
entrant type test surfaces is based on the VOF method, which is 
implemented in the commercial software Fluent 6.3. The two 
dimensional computational domain, as illustrated in Figure 20, 
consists of the re-entrant channel itself, the channel side walls 
and a part of the liquid pool above the re-entrant channel. The 
whole domain is axis symmetric with respect to the center of 
the re-entrant channel. The boundary conditions at the side 
edge and at the top are pressure outlets. The boundary condition 
at the lower edge is a fixed heat flux of 2/20 mkWq =& . As the 
working fluid FC-72 with the material properties shown in 
Table 1 is used. The used grid resolution is m5101 −⋅  and the 
number of cells is 16520. For the purpose of time discretisation 
the Implicit-Euler-Scheme is used. The Quick-Scheme is used 
for linearization of the system of equations. The pressure 
correction is performed by using the PISO-Scheme. The 
evaporation is simply modeled by assuming an evaporative 
source term that allows vapor generation only at the 
liquid/vapor interface and a present temperature gradient. This 
source term is implemented into the used Fluent 6.3 
computational model by setting up a proper user defined 
function. The initial condition of the computational model is an 
elliptical vapor nucleus that is located in the center of the re-
entrant channel (see Figure 20 at t = 0 s). This initial vapor 
volume is created by using a specialized field function that is 
implemented into the Fluent 6.3 computational environment via 
a second user defined function. The present computational 
model is developed from the film boiling problem that is 
extensively discussed in [24]. Consequently the bubble growth 
and detachment at the shell surface above the re-entrant channel 
is triggered by Rayleigh-Taylor instabilities. Thus, to ensure 
bubble growth initiation the computational domain theoretically 
needs to be scaled until its width corresponds to the most 
unstable wavelength [24] that is dependent on the used material 






=    (1) 
In contrast to the classical film boiling problem [24] there are in 
fact two important channel widths in the present model. One is 
the width of the re-entrant channel. The other is the width of the 
liquid pool area above the channel. This leads to the problem 
that scaling the model to make the re-entrant channel width 
equal to the corresponding value of 0λ  (scaling factor 1) avoids 
bubble detachment at the shell surface and scaling the model to 
make the width of the liquid pool equal to 0λ  (scaling factor 4) 9 Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downloaleads to bubble detachment in the re-entrant channel already. 
This again avoids sufficient vapor generation in the channel. 
Thus, an average scaling factor of 2 was assumed to be the best 
compromise between the aforementioned scaling approaches. 
The bubble generation process that is obtained by using the 
present computational model with a scaling factor of 2 is 





Figure 20. Computed bubble generation process. 
 
As can be clearly seen, continuous vapor generation takes place 
in the re-entrant channel from the beginning of the computation 
until, after 0.9 seconds an initial vapor bubble is formed at the 
channel pore. At this time only liquid menisci are to be 
observed in the re-entrant channel. This is in contrast to the 
local experimental results of this study (see section 3), since a 
liquid film is observed all over the channel side wall in the 
experiments. After 1.5 s the bubble detaches from the shell 
surface, while no liquid enters the re-entrant channel to be 
evaporated again. Thus, vapor generation is then limited to the 
shell surface only. Consequently, the present model can not be 
used to model the periodic liquid evaporation in re-entrant type 
boiling surfaces that is commonly known [13, 14] to be 
characteristic for this kind of structured boiling surface. 
The main reasons for the so far insufficient performance of the 
present computational model are the lack of liquid inflow to the 
re-entrant channel after bubble detachment and the rather 
inaccurate description of the evaporation source term, which 
does not incorporate f.e. the saturation temperature of the 
working fluid etc..  
According to the theory in [13, 14] the liquid inflow to the re-
entrant channel is practically ensured via pores of the re-entrant 
channel that are not blocked with vapor. Since in the present 
two dimensional model the only channel pore is certainly 
blocked with vapor there is no possibility for the liquid to reach 
the re-entrant channel again. Consequently the present model 
needs to be extended by implementing a periodical source term 
for liquid in the re-entrant channel that is triggered by channel 
pressure fluctuations due to the bubble detachment at the shell 
surface. In order to model the evaporation of the working fluid 
in the re-entrant channel it is planned to use the recently  
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investigations of [25] will be considered in order to handle the 
initiation of the aforementioned Rayleigh-Taylor instabilities 
that trigger bubble generation in a more reliable manner.  
 
CONCLUDING REMARKS 
A fundamental research approach of investigating the pool 
boiling from heated structured tube surfaces by combining (i) 
macroscopic heat transfer measurements, (ii) local heat transfer 
measurements and (iii) numerical simulations of the underlying 
local heat and mass transfer phenomena was presented. 
Experimental results from macroscopic heat transfer measure-
ments for re-entrant type and micro structured test surfaces 
showed that heat transfer performance in different ranges of 
heat flux is strongly dependent of the evaporation processes in 
the structured surface (f.e. thin film evaporation, dry out heat 
flux). It was proved that changing a single geometric parameter 
(channel-/ pin-fin height) of the tested surface types leads to 
significant changes of heat transfer performance. In case of re-
entrant type test surfaces these effects could be directly related 
to the local heat transfer processes in the re-entrant channel. 
Here, the effects of changing channel height and heat flux could 
also be examined on the base of the measured temperature 
distribution in the non isothermal channel side wall, the liquid 
film thickness at the channel side wall and the channel pressure. 
In case of the micro structured test surfaces visualizations of 
local evaporation processes indicated that the maximum of 
bubble generation site density on the test surface is not reached 
for low heat fluxes. In contrast to this it reaches the maximum 
value asymptotically at moderate heat fluxes. Thus, heat 
transfer enhancement at micro structured boiling surfaces in the 
lower and moderate heat flux range is based on both, increase 
of bubble generation site density and increase of bubble 
generation frequency. Finally a modeling attempt to describe 
the liquid evaporation in re-entrant type boiling surfaces was 
presented and preliminary computational results were presented 
and discussed. Certain weaknesses of the actual model were 
detected based on the comparison to the results from the local 
heat transfer experiments and visualizations. Furthermore 
potential approaches to extend the existing computational 
model to a more accurate description of the heat and mass 
transfer in re-entrant channels are proposed. 
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